The availability of the complete genome sequence of Bdellovibrio bacteriovorus provides an opportunity for investigating genes that play a significant role in predation. Using two independently derived facultatively predatory Bdellovibrio strains, we have designed a method to cultivate and screen transposon insertion mutants in 96-well microtiter dishes. Transposon insertion mutants were produced by introducing the plasposon pRL27, which carries a mini-Tn5. Mutants have been screened for predatory activity using 96-well plates. Seventeen independent nonpredatory mutants have been isolated, and DNA flanking the insertion has been sequenced. BLAST analysis revealed that most of these interrupted DNA sequences do not code for known proteins or functions. Two of the inactivated genes were analyzed further: one was found to code for a putative serine protease and the other a probable protein involved in secretion through the outer membrane. The methods described here are the first for the generation and isolation of predation-deficient mutants using random-transposon-insertion mutagenesis. As more mutants are isolated and their gene products analyzed, more light will be shed on how this predator carries out its exclusive life processes and perhaps how these products, or the organism itself, can be used for therapeutic, agricultural, and/or other purposes.
The prokaryotic predatory lifestyle has been known and studied for more than 4 decades. The most prevalent species of intraperiplasmic predators studied has been Bdellovibrio bacteriovorus. As an obligate intraperiplasmic predator of other gram-negative bacteria, these organisms exemplify a very unique style of life, even for the prokaryotes. Beginning as individual free-living, highly motile, attack-phase cells, they attack and invade susceptible prey bacteria (29) . Following successful penetration through the prey outer membrane, the Bdellovibrio cell begins an intraperiplasmic growth phase. The predator resides in the periplasmic space, where it grows at the expense of the prey and ultimately fragments into progeny attack-phase cells that are released to locate new prey (for a recent review, see reference 28). Much research has gone into the physiology, ecology, and structural interactions of this interesting bacterium with its prey. However, investigations into the genetics and genetic control of the Bdellovibrio developmental cycle have been hampered by the lack of a consistent, reliable mechanism for DNA transfer. Additionally, the fact that they are obligate predators makes it difficult to examine genetic regulation of predatory processes, since mutations in genes essential for predation would be lethal.
Prey-independent, commonly called host-independent (HI), mutants of a number of Bdellovibrio strains are easily isolated, and many have been described in the literature (20, 24) . These HI mutants can grow axenically on complex media in the absence of prey cells. Even though their growth seems to follow a pattern somewhat similar to that of intraperiplasmic growth (i.e., elongation of the cells into filaments that fragment into individual progeny of unit length), most have lost the ability to efficiently grow as predators and generally have not proven to be very useful for examining predation and predatory genes.
Over a decade ago, Cotter and Thomashow (4) demonstrated that mobilizable plasmids of the IncQ family could be conjugated into B. bacteriovorus from Escherichia coli. Very little has been done since then to utilize this technology, with the exception of a few studies moving individual genes into the bdellovibrios (8, 14, 27) , resulting in limited information concerning the genetics of the predatory lifestyle. The publication of the genome sequence of B. bacteriovorus HD100 (21) has spurred a renewal of interest in these interesting microbes and a search for new genetic methods to probe the genes responsible for their predatory behavior (7, 10, 23) .
Mutagenesis by transposon insertion gene inactivation is a proven technique for generating mutants that can easily be isolated by the detection of antibiotic resistance encoded by a gene located within the transposon. Recently, a transposon delivery vector, pRL27 (12) , that can be recovered from the mutants has been designed in a one-step cloning procedure similar to that of plasposons (6) . This delivery vector has been shown to be mobilizable into a number of different phylogenetic groups of gram-negative bacteria, including HI mutants of Bdellovibrio (12, 14) . A recent report (Medina et al. [15] ) describes the use of transposon mutagenesis to generate mutants that fail to prey on prey biofilms. However, to date, no system has been developed to specifically target genes necessary for the general predatory lifestyle.
We report here the development of a system of transposon mutagenesis of two facultatively predatory strains of B. bacteriovorus utilizing the plasposon-like vector pRL27 (12) . Mu-tagenized cultures can be selected on complex media and then screened for predatory activity in order to identify genes essential for predation.
(We first reported this method at the 2004 General Meeting of the American Society for Microbiology [5] ).
MATERIALS AND METHODS
Bacteria and culture methods. The bacterial strains used in this study are listed in Table 1 . Escherichia coli K-12 was used as prey bacteria in this study, and E. coli DH5␣/pir (17) served as the recipient of the recovered plasposon. Conjugation experiments were carried out using E. coli strain BW20767 as the donor. Routine cultures of E. coli K-12 and DH5␣/pir were grown in Luria broth (Difco) or on Luria agar (L agar) plates overnight at 35°C. E. coli strain BW20767(pRL27) was maintained on L agar containing 50 g/ml kanamycin sulfate (Km). Cultures to be used as prey were centrifuged at 5,000 ϫ g, washed in dilute nutrient broth (DNB [25] ), and suspended in the original culture volume in DNB. Suspensions of E. coli in DNB were stored at 4°C for up to 1 week prior to use. Bdellovibrio bacteriovorus 109JA (20) and B. bacteriovorus 109J-SJ are both facultative predatory mutants derived from B. bacteriovorus 109J (22) . Strain 109J-SJ was isolated according to previously published methods for isolating HI mutants (24) . Further characterization of this HI strain demonstrated that it retained the ability to grow in a predatory manner, in both liquid and solid medium cultures, as well as axenically on complex medium. Both strains were routinely grown in peptone-yeast extract (PYE [24] ) broth or on PYE agar plates at 32°C. Transposon insertion mutants of B. bacteriovorus were maintained in PYE broth or on PYE agar supplemented with 25 g/ml Km. Broth cultures were shaken at 240 rpm.
Plasmid and chromosomal DNA isolation. The plasmid pRL27 was purified from E. coli BW20767 using the QIAprep spin miniprep kit (Qiagen, Valencia, CA) and stored at 4°C. Frozen cultures of E. coli BW20767 kept at Ϫ75°C were streaked onto fresh L agar-Km plates and incubated overnight. Plasmid isolations were routinely performed on these cultures taken directly from frozen stocks. Chromosomal DNA from mutagenized bdellovibrios was isolated using the Wizard genomic DNA purification kit (Promega Corp., Madison, WI) and stored at 4°C.
Transposon mutagenesis. The plasmid pRL27, which carries the transposon Tn5 with a Km resistance gene, was chosen as the vector for transferring the transposon to the two facultative B. bacteriovorus strains. The origin of replication for this plasmid is not recognized by B. bacteriovorus, and therefore, selection of Km r bdellovibrios is indicative of insertion of the transposon into the Bdellovibrio genome. B. bacteriovorus 109JA and 109J-SJ received the vector pRL27 either through conjugation or electroporation. Conjugation was carried out on sterile nitrocellulose squares (Schleicher and Schuell, Keene, NH) on plates of PYE agar as described by Cotter and Thomashow (4) . Recipient bdellovibrios were grown axenically overnight in PYE broth, and 100 l was spread onto the nitrocellulose filter, followed by incubation overnight at 32°C. Overnight cultures of donor E. coli BW20767 carrying pRL27 were concentrated 10-fold and spread over the recipient bdellovibrios on the nitrocellulose filter. Plates with the mating mixtures were incubated overnight at 32°C, after which the filters were removed, and then the mixtures were vortexed in 2 ml PYE, diluted, and plated onto PYE plus 25 g/ml Km plus 500 g/ml streptomycin. The streptomycin served as a counterselection against the donor E. coli strain. Plates were sealed with Parafilm, and Km r colonies of B. bacteriovorus usually arose within 4 to 6 days of incubation at 32°C. B. bacteriovorus 109JA and 109-SJ were made electrocompetent by growth in PYE to an optical density at 600 nm of 0.4, washed twice in ice-cold double-distilled H 2 O, washed once with ice-cold 10% glycerol, suspended in a 0.01ϫ volume of 10% glycerol, and stored at Ϫ75°C in 40-l aliquots. Plasmid preps containing from 20 to 40 ng of pRL27 were electroporated into electrocompetent bdellovibrios at 1.3 kV/cm in 1-mm-gap electroporation cuvettes (BTX, Holliston, MA). Cells were recovered in PYE broth without antibiotic with shaking at 32°C for 1 to 2 h to allow expression of the antibiotic resistance gene.
Transposon insertion mutants were then selected by plating cells onto PYE agar plates containing 25 g/ml Km. Plates were sealed with Parafilm and incubated at 32°C for 4 days or until visible Bdellovibrio colonies developed. Southern blots. Ten mutant colonies were selected at random, inoculated into 5 ml PYE-Km broth, and grown overnight with shaking. Chromosomal DNA was isolated as described above, an aliquot was digested with BamHI, and fragments were separated on 0.8% agarose gels. DNA was blotted onto charged nylon membranes (Roche Diagnostics GmbH, Mannheim, Germany) and probed with pRL27 labeled with a chemiluminescent probe (AlkPhaos direct labeling reagents; Amersham Biosciences, Buckinghamshire, England).
Screening for predation-deficient mutants. Transposon insertion mutants of B. bacteriovorus that had been selected on PYE-Km plates were screened for their ability to grow predaceously using E. coli K-12 as prey. Entire colonies of Km r bdellovibrios were removed using sterile disposable pipettes (Perfector Scientific, Atascadero, CA) and placed in sterile 96-well microtiter dishes containing 150 l of PYE plus 25 g/ml Km per well (one colony per well). Microtiter dishes were sealed using Breathe-Easy strips (Diversified Biotech, Boston, MA) to prevent evaporation and incubated overnight at 32°C with shaking at 250 rpm. Following overnight incubation, microtiter cultures were replicated onto PYE agar plus 25 g/ml Km in 150-mm plates using a 96-prong replicator (Boekel Scientific, Feasterville, PA). The microtiter dish cultures were then centrifuged at 5,000 ϫ g for 30 min to pellet the Bdellovibrio cells. The medium was carefully removed from each well, and each pellet was suspended in 150 l of DNB containing E. coli K-12. Microtiter dishes were again sealed as before and incubated overnight with shaking at 32°C. Dishes were examined visually for lysis of the E. coli, and wells exhibiting turbidity (no visible lysis) were sampled and examined using phase-contrast microscopy to confirm the absence of predatory growth. Wells containing turbidity were scored, and suspected predation mutants were picked from the replica plate and grown overnight in 1-ml cultures in PYE plus Km. These suspected mutants were subcultured in fresh PYE plus Km, grown overnight, centrifuged at 5,000 ϫ g, suspended in 1 ml of DNB plus E. coli K-12, and incubated overnight to confirm that the mutants were not capable of growing predaceously.
Plasmid rescue and recovery of interrupted genes. Larsen et al. (12) have shown that one-step cloning of the transposon with its associated flanking DNA can be accomplished using pRL27. Predation-deficient mutants were grown overnight in PYE plus 25 g/ml Km, and 1.5 ml of the cultures was transferred to microcentrifuge tubes. Cells were harvested by centrifugation at 10,000 ϫ g for 45 s. Chromosomal DNA was isolated from the pelleted cells as described above and digested with the restriction enzyme BamHI, which does not cut within the transposon sequence of pRL27. The restriction enzyme was inactivated by heating the reaction mixtures to 65°C for 5 min. Digested DNA was self-ligated using the Fast-Link DNA ligation kit (Epicentre, Madison, WI) at room temperature for 15 min. Material from ligated mixtures was electroporated into electrocompetent E. coli DH5␣ pir (1.25 kV/cm using a 1-mm-gap cuvette). Cells were recovered for 1 hour in SOC (Invitrogen Corp., Carlsbad, CA) broth and plated , MN) . Sequencing of predation-specific genes. Two mutants were selected for further analysis: 109JA-C5 and 109JA-E7. Homologous sequences in the B. bacteriovorus HD100 genome were determined by BLASTN analysis (1) . Primer pairs were designed in order to obtain entire gene sequences for the two selected genes. At-least-threefold coverage of each gene sequence was obtained.
Nucleotide sequence accession numbers. DNA sequences of B. bacteriovorus 109JA representative of putative genes coding for a protein involved in secretion through the outer membrane (strain 109JA-E7) and a protease (strain 109JA-C5) have been deposited in GenBank under the accession numbers EU344891 and EU344892, respectively.
RESULTS

Mutagenesis.
Both conjugation and electroporation were effective techniques of introducing the transposon-containing plasmid pRL27 into axenically grown B. bacteriovorus 109JA and 109J-SJ cells. The efficiency of transformation and transposition were determined to be between 2 ϫ 10 3 and 5 ϫ 10 3 CFU per g of transforming DNA for electroporation. The transfer and transposition frequencies for conjugation experiments were calculated as the number of Km-resistant colonies per total number of recipients and were about 1 ϫ 10 Ϫ3 . This frequency is similar to that observed for other conjugative plasmids into Bdellovibrio (4). Given the similar efficiencies observed for these two delivery methods, transposon mutagenesis was routinely carried out using electroporation, since it is less time-consuming. Km r colonies appeared on PYE-Km plates within 4 to 5 days and were routinely incubated for 6 days to obtain colonies of 2 to 3 mm in diameter.
Confirmation that these predatory mutants had been constructed by random transposon mutagenesis was shown through Southern blot analysis (26) . Blots of DNA digests from several mutants demonstrated that a single copy of the transposon had been integrated at different positions of the chromosome (data not shown).
Effectiveness of screen for predatory mutants. One of the difficulties in inducing and detecting mutants for Bdellovibrio predation has been the development of an effective method to generate relatively large numbers of potential mutants and screening them for predation. Using two independently derived facultatively predatory Bdellovibrio strains, we have designed a method to cultivate and screen transposon insertion mutants in 96-well microtiter dishes. Bdellovibrios do not routinely grow very well axenically without using a large inoculum. Picking entire colonies and transferring them to small volumes in microtiter dishes yielded good turbidity with overnight incubation. Even though HI mutants are also not very efficient in converting to the predatory lifestyle, they are quite effective in preying on and lysing prey cells in overnight cultures (7, 11) . We determined that a quick overnight screen for predation was possible if the entire pellet from a microtiter well culture was suspended in the presence of susceptible prey. Wild-type B. bacteriovorus 109JA and 109J-JS were shown to be capable of producing complete lysis of the E. coli in such overnight cultures. Microtiter plates were examined visually, and lysis was indicated by a decrease in turbidity relative to that of control wells containing only E. coli. Microscopic examination of these cultures confirmed that the HI bdellovibrios were indeed growing as periplasmic predators, with the formation of invaded bdelloplasts, followed by lysis and release of actively motile attack-phase cells. Potential mutants defective in predation were scored as cultures that showed no decrease in turbidity compared to that of control wells. Microscopic examination of a number of cultures demonstrated that the visual screen of the microtiter dishes was effective in detecting potential predatory mutants.
The initial screen with 10 microtiter dishes (960 cultures) yielded 17 putative predation mutants. The majority of mutants were found in cultures of strain 109J, since only one mutagenesis in this initial screen was prepared using strain 109J-SJ. Following rescue of the plasposon with its flanking DNA from these mutants, the location of the insertion was determined by identifying the Tn5 inverted repeat sequence and target 9-bp duplication (12) in the sequences obtained from each primer. The site of integration of the plasposon was unique for each mutant isolated (Table 2 ). These 17 predationdeficient mutants have plasposon insertions located in 12 open reading frames (ORFs) and four intergenic regions of the B. bacteriovorus HD100 genome (21) . Even though mutants JA-G6 and SJ-G8 had insertions in the same ORF, the site of integration for each was unique.
Recovery, sequencing, and analysis of interrupted DNA. Two of the suspected mutants (JA-E7 and JA-C5) were grown overnight in PYE plus Km, and genomic DNA was isolated. In order to recover the transposon with its flanking DNA, the DNA preparations were cut with BamHI, self-ligated, and electroporated into a permissive E. coli host. Resulting Kmresistant E. coli organisms were grown overnight in L broth plus 50 g/ml Km, transposon-containing plasmids were recovered, and DNA adjacent to the transposon was sequenced.
Sequences derived from these presumptively predation-deficient mutants of B. bacteriovorus 109JA were compared to sequences in the DNA sequence database at the National Center for Biotechnology Information (NCBI) using BLASTN. Both mutant sequences were very similar to segments of the deposited genome sequence of B. bacteriovorus HD100. Sequence analysis of the flanking regions of the transposon insertions located the insertions at 1,175 bp (for JA-E7) and 811 bp (for JA-C5) downstream from the translation start sites for these genes. Figure 1 shows the relative locations of the transposon insertions in each of the putative genes. The genes' positions relative to flanking genes in strain HD100 are also shown. The DNA sequence from mutant JA-E7 matched a gene coding for a putative protein involved in secretion through the outer membrane (Bd1915). The mutant JA-E7 nucleotide sequence was 99% identical to the putative Bd1915 gene for B. bacteriovorus HD100, with 1,308 identical nucleotides out of 1,314 nucleotides (Fig.  2a) . All six substitutions were at the third position of the codon, resulting in a predicted protein product of 437 amino acids, identical to that of Bd1915. The B. bacteriovorus HD100 Bd1915 gene encodes a putative outer membrane protein representing a conserved orthologous gene, COG1538 (expect value, 5e Ϫ36 ), which represents a type I secretion protein of the TolC family, a large family of proteins that are found in many different gram-negative bacteria. These proteins can interact with a number of different membrane transporters and are involved in the export of a variety of molecules (19) , including large proteins such as the ␣-hemolysin of E. coli (30) . A recent analysis of B. bacteriovorus transport proteins using the Transporter Classification Database (2) showed a similarity of Bd1915 to the PrtF protein of E. coli. Analysis using PSORTb (9) predicts that the JA-E7 protein is an integral outer membrane protein with a localization score of 9.93 out of 10 and matches an outer membrane protein of Rickettsia prowazekii with an expect value of 2e Ϫ13 . Alignment of the amino acid sequence of JA-E7 with these two proteins (PrtF and TolC) is shown in Fig. 2b .
The transposon-interrupted gene in 109JA-C5 is homologous to the B. bacteriovorus HD100 gene Bd3534, as determined by BLASTN analysis of the nucleotide database at the NCBI. The DNA sequence of the JA-C5 mutant gene is 97% identical to that of the putative carboxy-terminal peptidase gene (Bd3534) of B. bacteriovorus HD100, with 1,548 of 1,581 nucleotides being the same. The predicted amino acid sequence of the protein from 109JA-C5 is also 97% identical to the Bd3534 protein (Fig. 3) . Most of the amino acid substitutions are in the midportion of the sequence, and BLASTP analysis shows that the amino-terminal and carboxy-terminal thirds of the predicted proteins are probably highly conserved, containing either identical or similar amino acids. Both Pfam (18) and SMART (13) analyses of this putative protein indicate that it contains both PDZ and serine protease domains and a signal sequence likely making it a membrane-anchored periplasmic protein. Analysis of the predicted topology of these regions using TopPred analysis (3) shows that there are three potential transmembrane domains, two within 170 residues of the amino terminus and one within the 175 residues of the carboxy terminus.
DISCUSSION
This report and that of Medina et al. (15) are the first to describe a general methodology for the large-scale production and isolation of transposon insertion mutants of facultative predatory bdellovibrios that are deficient in predation. The (14) utilized an HI strain and demonstrated only the expression of genes delivered with the transposon. In order to detect insertional inactivation of predatory genes, it is necessary to use HI Bdellovibrio strains that retain the ability to attack and grow on susceptible bacterial prey. The use of 96-well microtiter plates allows for the screening of a large number of transformants for the ability to prey on E. coli. Wild-type B. bacteriovorus 109JA and 109J-SJ effectively prey on and lyse E. coli cultures overnight in similar assays. Visual examination of dual cultures in microtiter plates has proved to be sufficient to detect suspected predatory mutants. Subsequent tests for predation demonstrated that this visual check resulted in fewer than 20% false positives. The selection procedure used eliminates all mutants in essential genes for growth; therefore, the probability of finding predation mutants among the transformants is quite high, about 1 to 2 per 100 insertion mutants.
Additional screens of mutagenized cultures should result in the recovery of many more predatory mutants. Based on our limited number of screens, we predict that from 75 to 100 genes that play essential roles in predation may be found.
There have been only a few reports in the literature of genes identified as essential for predation (10, 11) . Each of these mutants has been isolated by starting with a cloned gene used to knock out targeted genes. To date, the only reported method for delivery of plasmid DNA into Bdellovibrio recipients has been conjugation with donor E. coli strains (4, 10, 11, 14, 15, 27) . We report here the first use of electroporation as an effective means of transforming bdellovibrios and of introducing an active transposon capable of inserting at random into the Bdellovibrio genome. The efficiency of transformation utilizing electroporation was similar to that obtained with the conjugation procedure and requires less time and material, making it a more useful approach. Sequence analysis of the 17 isolated mutant strains indicates that all of the transposon insertions are unique, even though two are in the same ORF. Additionally, Southern blots demonstrated that transposon insertion occurred randomly and only once in each of the 10 strains tested, suggesting that multiple transposon insertions are probably rare events. Only five of the predation genes identified have homologs coding for putative known proteins in the HD100 genome. The other predation mutants have insertions in ORFs for putative hypothetical proteins of unknown function or in intergenic regions. Ϫ11 ; 22% identity, 44% similarity) and Rickettsia prowazekii (TolC; expect value, 1e Ϫ11 ; 21% identity, 43% similarity). Lightly shaded areas signify identical amino acids, and darkly shaded areas represent similar amino acids. The bracketed dashed line at the top indicates the position of a probable transmembrane region (amino acids 8 to 28).
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Phenotypes due to interruptions in sequences between genes may be due to polar effects or perhaps could code for regulatory RNAs. Two of the mutants with insertional inactivation of putative known proteins were selected for further analysis. Figure 1 shows the portion of the genome into which the transposon inserted and the approximate location of the transposon within these two predatory genes. Nucleotide sequences for complete genes showed very close similarity between sequences from 109JA and HD100 strains, specifically, 97% and 99% at the nucleotide level for mutant strains 109JA-C5 and 109JA-E7, respectively. The amino acid sequence predicted for the putative protein encoded by the predation gene of 109JA-E7 is identical to that of Bd1915. This protein shows homology to type I secretory proteins, such as TolC and PrtF. Both of these proteins have been shown to be involved in the export of proteases (30) . It is impossible at this point to predict what role this protein may play in predation by the bdellovibrios. However, given the massive arsenal of hydrolytic enzymes, especially proteases (21) , that the bdellovibrios potentially may deliver to the prey protoplast during predatory growth, it is intriguing to speculate that Bd1915 might encode one of the secretory proteins needed during this process. BLASTP analysis of the JA-C5 protein shows that the amino-terminal and carboxy-terminal thirds of the predicted protein are probably highly conserved, containing amino acids either identical or similar to those of its HD100 homolog. In addition to the protease domain, JA-C5 contains a putative PDZ domain. PDZ domains are commonly responsible for protein-protein interactions and potentially play a role in selectivity and targeting proteins for proteolysis by the serine protease domain. Analysis of the amino acid sequence of JA-C5 using pSORTb (9) predicts that there is likely a signal sequence at the amino terminus, with a possible cleavage site at amino acid 23. It is therefore likely that this putative protease resides in the periplasmic space of the predator. However, topology prediction using the TopPred program (3) shows potential transmembrane segments between residues 120 and 170 and between residues 375 and 395. The presence of additional transmembrane segments suggests potential insertion into the predator's outer membrane. As an outer membrane protein, this protease could be involved in proteolysis of prey outer membrane or periplasmic proteins. If this protease is located in the Bdellovibrio strain's periplasm, it possibly could be secreted into the prey's periplasm using a Sec-dependent secretory pathway and be involved in the proteolysis of a variety of prey proteins.
The more interesting proteins essential for predation by the bdellovibrios may well be the hypothetical unknown proteins identified by this assay. It is not surprising that more than half of the identified genes necessary for the predatory lifestyle code for genes of unknown function. One expects to find unique gene products in an organism exhibiting such a unique lifestyle. As more mutants are isolated and their gene products analyzed, more light will be shed on how this predator carries out its exclusive life processes and perhaps how these products, or the organism itself, can be used for therapeutic, agricultural, and/or other purposes.
